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ABSTRACT 

The radiation  pattern of a TEM mode parallel-plate waveguide i s  
analyzed  by wedge diffraction  theory  in  conjunction  with a slope  correc- 
t i o n  term. This slope  correction  term i s  the  diffraction  by a conduc- 
t i n g  wedge due t o  an incident wave with  sinusoidal  amplitude  variation 
over the wave f ront .  Such a wave i s  re fer red   to  as a slope wave. The 
slope  diffraction  takes  into account the nonuniform wave in   calculat ing 
second-order d i f f rac t ions   for   the  open-ended guide. The slope  correction 
term  provides  an improvement i n   t h e  accuracy of the   pa t te rn   in   the  
region  near  the  plane of the  aperture as compared t o  the  previous wedge 
diffraction  calculations.  
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SLOPE, DIFFRACTION ANALYSIS OF T E M  PARALI;EL- 
P D  O E  PATTERNS 

I. INTRODUCTION 

Radiation  pattern  analysis i s  a primary tool in   the  design of 
antennas.  Consequently,  the development and improvement of methods of 
analysis  are of particular  interest   to  the  antenna  designer.  Small 
aperture  antennas  such as open-ended waveguides  and s l o t  antennas are 
of par t icular   interest   in   appl icat ions  for   missi les ,  space c ra f t ,  and 
airborne and reentry  vehicles. The idealized two dimensional  parallel- 
plate  waveguide which i s  t reated below provides  insight  into  the  diffrac- 
t i o n  behavior of practical  three-dimensional  antennas. The research 
reported  here  introduces a slope  correction term which provides an 
improvement in   t he  accuracy of the  parallel-plate guide pattern as 
compared t o  the  previous wedge diffraction  calculations. '  

The radiation  pattern of the  parallel-plate waveguide shown i n  
Fig. 1 i s  considered in   t h i s   r epor t .  The  wedge angles WAl and W A 2  may 
be adjusted  for  various mounting configurations, and the guide i s  trun- 
cated  per2endicularly t o  the guide axis as shown i n  Fig. 1. Only the 
TE:.I xaveguide mode i s  considered  here; i n   t h i s  mode an incident  plane 
wave propagates  parallel  to  the axis of the  guide  with  polarization 
9erpendicular t o  the waveguide walls. 

PL 

W A I  f' ~ 

ANE WAVE 

INCIDENT 
- T E  

Fig. 1 - Geometry of a Parallel-Plate Guide 



The TEM mode radiat ion  pat tern of a p a a l l e l - p l a t e  waveguide was  
analyzed  previously  by wedge d i f f rac t ion  theory.' In this methd , the  
incident  plane wave causes  singly  diffracted waves t o  emanate from  each 
edge. Doubly diffracted waves are  produced by  the  incidence of the 
singly  dif.f'racted waves on the  opposite  edges. Each doubly diffracted 
wave i s  approxhated as the  diffract ion  by an isotropic,  'CylindricaJ 
wave incident on the edge. This approximation of the  nonisotropic, 
singly  diffracted wave as an  isotropic wave causes  inaccuracy i n   t h e  
radiation  pattern  in  the  region  near  the  plane  of  the  aperture,  espe- 
cially f o r  guide  widths on the  order of h/2 or less. 

Ryan and Rudduck2 have obtained  the  radiation  patterns of paral le l -  
plate  guides  with  arbitrary geometry by  including only the  single and 
double diffraction  contributions.  Rudduck and Yu3 have included  the 
third  order  diffraction  contribution and subsequently employed a se l f -  
consistent method which includes all higher  orders of d i f f rac t ion  from 
each  edge. The radiation  patterns  obtained by the above analyses have 
been  found t o  be satisfactory  in  general .  However they do not  describe 
the  pattern  accurately  in  the  region  near  the  plane of the aperture 
f o r  small guide widths. 

The purpose of the development i n   t h i s   r e p o r t  i s  t o  introduce a 
slope correction  term which improves the  accuracy in   the   rad ia t ion  
pattern of the waveguide i n  this region. The slope  correction  term i s  
formulated on the  basis   that   the   s ingly  diffracted wave incident on 
the  opposite edge i s  approximated  by the  superposition of a uniform 
cyl indrical  wave and a slope wave.  The slope wave i s  defined as one 
which has a sinusoidal  variation over i t s  wave front .  The d i f f rac t ion  
of t h i s  slope wave i s  the  slope  correction term. 

The va l id i ty  of this  formulation i s  demonstrated  by  the improved 
accuracy of the  radiat ion  pat tern  analysis   for   this  problem as compared 
with  the  previous wedge diffract ion  analysis .  The bas is   for   the  ccnnpar- 
ison i s  the  exact Wiener-Hopf solution4  for  the  symmetrical  thin- 
walled  parallel-plate waveguide by Wainstein5 and an accurate,  although 
approximate Fourier  transform  solution,  for  the  parallel-plate  guide 
mounted i n  an i n f i n i t e  ground plane by  Nussenzveig. 6 

The d i f f rac ted   f ie ld  from a conducting wedge due t o  slope wave 
incidence i s  formulated i n  Chapter 11. The slope  correction i s  also 
checked on an isolated  half-plane and a 90" wedge by the  surface  inte- 
gration technique'' i n  Chapter 111. Then the  radiation  pattern of a 
paral le l -plate  waveguide i s  analyzed i n  Chapter I V  by the  wedge d i f -  
fraction  theory i n  conjunction with this slope  correction term. 

11. FGRMIJLATION OF SLOPE WAVE DIFFRACTION 

In this   sect ion  the  cyl indrical   s lope wave diff'raction i s  fomu- 
la ted  as a two dimensional problem. This  slope wave has a cyl indrical  
wavefront and a sinusoidal  amplitude  variation as a f'unction of angle 
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about the  source. The d i f f rac t ion  of the slope wave by a conducting 
wedge i s  employed such that the amplitude of the  incident wave in   t he  
direct ion of the edge  of the conducting wedge i s  zero. The d i f f rac t ion  
of the slope wave i s  derived from the   diffract ion of a uniform cylin- 
drical,wave by a conducting wedge. For the uniform  case,  the t o t a l  
f i e ld   d i s t r ibu t ion  u(p,cp) a t  radial distances from the edge which are  
large compared to that of  the  line  source as shown i n  Fig. 2 can be 
expressed as 

U(P,cp> = 

P /f 

'1 

Fig. 2 - Diffraction by a Conducting Wedge 
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The gecrmetrical opt ics  wave is glven by 

exp jkp cos(cp + 2 l c n ~ )  

0 otherwise . (2) i f  - x  < cp + 2JmN < IC f o r  N = 0, -I 1, = * e  

The diffracted wave f o r  a conducting wedge of angle (2-n)sr i s  given  by 

m=O 

I 1 a = o  
where = 

2 a f o  

and k = 2z/h i s  the  f ree  space  propagation  constant. 

The plus or minus s ign   i n  Eq. (1) applies  for  the magnetic f i e l d  
(TM) or   e lec t r ic   f ie ld  (TE) or ientated  in   the z direction,  respectively. 
The plus  sign i s  chosen for  the  following development since  only TM case 
w i l l  be  considered  here. 

The cylindrical.  slope wave d i f f rac t ion  can be obtained  by  differenti- 
ating the  total .   f ield  with  respect  to  incident  angle $,. A similar 
technique was employed by Keller7  in which the  plane wave d i f f rac t ion  
coefficient was different ia ted w i t h  respected t o  incident  angle a. 
Ufimtsov' has employed similar methods to   obtain  the secondary diffract ion 
f o r  a s t r ip .  The different ia t ion of the  geometrical  optics wave with 
respec t   to  Jl0 i s  given by 

The term  sin cp V*(p,cp) i s  identified as the  geometrical  optics 
d o p e  wave  V, giving, * 

* sin(cp + 2mN) exp [ jkp cos(cp + 21mN) i f  
( 5  1 Vs(P,cP) = -II < cp + 2flliN c n f o r  N = 0, +1**-- 

0 otherwise . 

The slope  diffracted wave Vs(p,cp,n) of a conducting wedge with 
angle (2-n)n can  be  obtained i n  a similar manner with the normaliza- 
t ion   fac tor  T jkp, giving, 
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Equation ( 6 )  converges rapidly  for  small values  of p ,  i.e., p < A. How- 
ever, for large  values  of p ,  the  slope  diffracted wave citn be  obtained 
i n  a similar way by using  the  asymptotic form of the  diffracted wave 
VB(p,(P,n). Therefore ,   the   total   f ie ld   dis t r ibut ion Us at radial distance 
p from the edge of the  conducting wedge which i s  large compared t o  the 
distance po of the  slope wave l ine  sowce i s  given  by 

111. PATTERN ANALYSIS FOR A S I N G U  EDGE 

In  this   sect ion,   the   diffract ion  pat tern of a half-plane,  i .e.,  
n = 2, and a 90" wedge, i . e . ,  n = 1.5,  due t o  a nonuniform singly 
d i f f rac ted  wave incidence i s  formulated by use of wedge diffract ion 
i n  conjunction  with  the  slope  correction  term. The va l id i ty  of t h i s  
formulation i s  checked numerically by the  surface  integration  tech- 
nique. 'Y1O The geometries  for  the  half-plane and the 90" wedge are 
shown in  Figs.  3 and 4, respectively. The singly  diffracted wave from 
edge 2 w i l l  be taken as the  source for diffract ion from edge 1. 

The nonuniform, single  diffracted wave from edge 2 i s  obtained by 
the   d i f f rac t ion  of the  plane wave incident on edge 2 from the waveguide 
giving 

The angular  variation of this wave i s  obtained by suppressing  the  factor 

e - (kp+d4 1 
J27;i;;; 

i n   t h e  asymptotic  expansion of V~(p,cp,n) which i s  valid for 

large  values of k p ( 1  + cos cp). T h i s  gives 
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Fig. 3 - Nonuniform  Wave  Diffraction of a  Half-Plane 
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Fig. 4 - Nonuniform Wave Diffraction of a 90" Wedge 
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The nonuniform cyl indrical  wave expressed by Eq. (9) can be approximated 
as a uniform  CylindricaJ. wave and a cylindrical   slope wave fo r   d i r ec t ions  
near e = go”, giving, 

where C 1  is  the magnitude  of the unifxm  Zylindrical wave and C2 is the 
magqitude  of the  cylindrical  slope wave.  Having the factor 
.-j.(kP + 2) 

suppressed,  the  values of C1 and C2 are  given by 

Thus the total f a r   f i e l d  or diffract ion  pat tern due t o  the  singly 
diffracted wave from edge 2 i n  Figs. 3 and 4 may be  expressed as 

in   the  region 0 C 8 < JC - WAl 
where R ( l )  (0 )  is  given by Eq. (9).  The factor  e -jkh sin refers   the 
phase of the singly  diffracted wave from edge 2 t o  edge 1. 

The d i f f rac ted   f ie ld  due t o  the uniform cylindrical  wave component 
i s  given by 

and the slope c x r e c t i o n  term i s  given by 
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The magnitude and phase  of the  diffract ion  pat tern  for  a half plane 
due t o   t h e  nonuniform cyl indrical  wave located at a distance h away 
from edge 1 as shown i n  Fig. 3 are  given i n  Tables I and I1 f o r  h equal 
t o  0.3 h and 0.4 A, respectively. The diffraction  pattern  without  the 
slope  correction  term (Eq. l5), which i s  denoted a6 double diffract ion,  
i s  a l so  tabulated as shown.  The results for  the  case of the 90" wedge 
are  given  in  Tables I11 and IV. 

The diffract ion  pat terns  due t o   t h e  nonuniform singly  diffracted 
waves are  compared with  calculations  by  the  surface  integration  tech- 
n iq~e ' ,~ '   i n   F igs .  5 - 8 and Tables I - IV. By the  surface  integration 
method the far f i e l d  due t o   t h i s  nonuniform wave i s  calculated  by  inte- 
gration of t h e   f i e l d  on the  surface S shown in  Figs .  3 and 4. The f i e l d  
on S was calculated  by  the wedge diffract ion method; t ha t  i s ,  *he super- 
posit ion of the singly d i f f rac ted   f ie lds  from edge 2 and the doubly 
d i f f rac ted   f ie lds  from edge 1 (the  la t ter   calculated  by assuming uniform 
cyl indrical  wave incidence from edge 2) .  

Slope d i f f rac t ion  i s  not  included on the  surface S since i ts  ef fec t  
in   tha t   reg ion  i s  quite smal l  as cumpared with  the  incident  singly 
diffracted wave. Furthermore, the approximation of -the  slope wave 
d i f f rac t ion  i s  less  accurate away from the  direction of the  incident 
slope wave. 

The diffract ion  pat terns   are   plot ted  in   Figs .  7 and 8 for   the 90" 
wedge. It i s  noted  that  the  patterns  calculated by including  the  slope 
correction  term  agree  well  with  those by the  surface  integration  tech- 
nique. Thus it i s  seen from these  resul ts  that the  slope  correction 
term improves the  accuracy of the wedge diffract ion  analysis   in   the 
region  near  the shadow boundary of the  incident wave. 

IV. ANALYSIS OF WAVEGUIDE PATTERNS 

In  th i s  section  the  radiation  pattern of a TEM mode parallel-plate 
waveguide as shown i n  Fig. 9 i s  analyzed by wedge diffraction  theory 
i n  conjunction w i t h  the  slope  correction term. The diffract ion from 
the  guide  aperture i s  t reated by  superposing  the  diffracted waves from 
each of the  edges. The s ingly  diffracted  f ie ld  from  each edge i s  
obtained from the  lane wave diffraction  function  V~(p,cp,n).l The singly 
diffracted  ray R,(lp(e) from edge 1 due t o  a unit-anplitude  plane wave 
incidence of the TEM mode i s  obtained from the  asymptotic form  of 
VB (P ,q,n) as 
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Tables I and I1 

Theta Double S l Q P  Surf ace 
Diffraction  Correction  Irkegyation 

”_ __. 
~~ 

In 
lea-ee s 

Phase Phase Phase 

40 1.408 113.2 1.391 ll2.3 1.400 111.9 

60 0.863 89.6 0.854 05.2 0.882 86.5 

80 0.549 71.9 0.600 65.4 0.6U 67.1 

90 0.436 63.9 0.522 57.1 0.521 59.8 
I20 0.337 47.8 0.373 41.0 0.360 45.0 
140 0.297 42.1 0.317 35.6 0.307 39.9 

160  0.274  39.0  0.287 33.1 0.271  39.1, 

40 1.432 90.6 1.414 90.1  1.419  89.4 

60 0.876 59.7 0.869 57.0 0.882 57.0 

80 0.545 37.7 0.583 31.8 0.596 33.1 

90 0.424 28.4 0.498 22.2 0.498 24.4 

I20 0.312 10.2 0.339 4.2 0.329 8.8 

140 0.268 4.1 0.282 -1.4 0.274 2.0 

160 0.245 1.0 0.253 -3.9  0.248 -0.1 
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Tables 111 and IV 

r 
Double Slope Surf ace 

Theta Diffraction  Correction  Integration i 
In 

4 Degrees Mag* Phase Mag. Phase Mag. Phase 

r l -  

rfl 
rl 
g 

40  1.323  103.5  1.293 101.5 1.326  101.6 G 

20 2.683  139.3  2.654  139.2  2.679  339.1 

s 
$j 

80  0.692  64.0  0.790 55.3 0.809  57.6 

60  0.896  77.6  0.909  71.8  0.941  73.0 
.rl z 
3 
3 90 0.626  62.0  0.779  53.2  0.795  55.6 

x 
(-0 x? 20 

va 
d 40 1.302 74.4 1.269 73.4 1.293  72.9 * 

2.657  124.3  2.639  124.5 2.651 124.3 

8 :  

A- 

60 0.885  38.0  0.879  33.5  o.go6  33.9 

80  0.683  19.0  0.757 11.4 0.773 12.6 
.rl 

'g 90 0.618  16.4  0.745  8.6  0.758 10.0 * ,  



S'LOPE CORRECTION - - - - DOUBLE  DIFFRACTION 
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Fig. 5 - Diffraction  Pattern of a Half-Plane (h/A = 0.3) 
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Fig. 6 - Diffraction  Pattern of a Half-Plane (h/A = 0.4) 
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SLOPE  CORRECTION ---- DOUBLE  DIFFRACTION 
S O  o o SURFACE  INTEGRATION 

8 ( DEGREES 1 

Fig. 7 - Diffraction  Pattern of a 90" Wedge (h/A = 0.3183) 
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Fig. 8 - Diffraction  Pattern of a 90" Wedge (h/A = 0.4456) 
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Fig. 9 - Geometry of t h e   P a r a e l - P l a t e  Guide 

e -j(kp + 
me  fac tor  ,-- i s  suppressed i n  Eq. (16) because only angulas 

42nkp 
variations me of in te res t .  The subscript 1 denotes edge 1 and the 
superscript (1) denotes  the first order  diffraction due t o  the  incident 
plane wave. Similarly,  the singly diffracted  ray frm edge 2 i s  
obtained as 

The direct ion 8 = OOcorresponds to   t he   d i r ec t io  f the  gem  t r ical .  
optics  rays. It is  noted that   the   dividual  ra s RllP(e) and R&) ( e )  
diverge at 8 = 0; yet  the sum of R1 @(e) md R,&Y(B) with  the same phase 
reference  expresses  the  effect of the  geometrical  optics  rays  as  given 
by 

r 
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where e- + kul2) sin ' re fers   the  phase t o  the  center of t he  guide  aperture. 
The singly diffracted wave from edge 1 Rll)( e), illuminates edge 2 giving 
r i s e  to t he  doubly diffracted wave R 2 i 2 ) 0 ) ,  and R2(l)(0) causes Ri:)(e) 
i n  a similar manner. 

The formulation of the  doubly d i f f rac ted  wave was discussed in 
the  previous  section. Bnploying the  notations as shown i n  Table V, 
t h e   t o t a l  doubly diffracted wave from edge 1 is  given  by 

where R1( "I ( 0 )  i s  t h e  d o ~ l y  diffracted wave due t o  the  uniform cmpon- 
ent and ( 0 )  i s  due to   the   s lope  component of the  incident  singly 
diffracted wave from edge 2. The uniform  cmponent of the  diffract ion 
i s  given  by 

where 

i s  the  value of the  s ingly  diffracted  ray from edge 2 in   t he   d i r ec t ion  
of edge 1. The slope  diffraction component i s  given  by 

Vhere 

i s  the  slope of the  singly  diffracted wave in   the   d i rec t ion  of edge 1. 

The total doubly diffracted wave from edge 2 is  obtained i n  a 
similar way as 

! 



Table V 

Notation f o r  Rays 



where 

Therefore, the to t a l   d i f f r ac t ed  wave from the  aperture may be 
expressed as the  superposition of t he   t o t a l   d i f f r ac t ed  rays from edges 
1 and 2, giving 

Each term i n  Eq. (27) contributes  to  the  radiation  pattern of the 
parallel-plate waveguide only  in  certain  regions as given i n  Table VI. 

Several  terminologies such as double diffract ion,  continuous- 
double and slope  correction have been  introduced i n  computing the 
radiation  pattern.  This i s  done to   c lass i fy   the  different   contr ibut ions 
of rays in  appropriate  regions as shown i n  Table V I .  The radia€ion 
pattern denoted as double diffraction  includes  the  singly and doubly 
diffracted  rays from both  edges.  In  the  continuous-double  result  only 
the doubly diffracted  rays from the  nearest edge are  included. This 
result thus  gives a continuous  pattern  because  the  doubly  diffracted 
rays from the  fur thest  edge are shadowed by the  nearest waveguide w a l l .  
The slope  diffracted  rays from the  nearest edge are added t o   t h e  
continuous-double t o  form the  slope  correction  result. 

The TEM radiation  pattern of the  symmetrical parallel-plate guide 
( i . e . ,  n1=n2=n) was calculated  for  various wedge angles. However, the 
patterns f o r  the  thin-walled and ground-plane guides  are  treated more 
extensively i n   t h e  following  sections. 

A. Thin-'valled Guide 

The radiation  patterns  for  the  thin-walled  case are compared i n  
Figs. 10 t o  14  for  the  three  different  formulations  i .e. ,  double 
diffract ion,  continuous-double and slope  correction.  Results  are  given 
fo r   f i ve  values of guide  width  h,  ranging from 0.1 t o  0.5 A. In  each 
case the radiation  pattern i s  normalized to   un i ty  at 8 = Oo with 
normalization  factor Jsh. The exact  radiation  pattern as calculated  by  the 
Wiener-Hopf  method4 i s  also  plotted as shown fo r  comparison. The 
magnitude and phase of  the  radiation  patterns as calculated  by  the 



Table VI 

1 -180" + WA2 < 0 < -90" 

Continuous 

N 
0 

-90' < e < oo 1 o * < e < g O *  



RELATIVE H-FIELD 

Fig. 10 - Radiation  Pattern f o r  TEM Guide (n = 2, h/A = 0.1) 



RELATIVE H-FIELD 

Fig. ll - Radiation Pattern for TEM Guide (n = 2, h/A = 0.2) 



0.8 0.6 0.4 0.2 0 
RELATIVE H-FIELD 

Fig. 12 Radiation  Pattern f o r  TEM Guide (n = 2 ,  h/h = 0.3) 



Tablk VI1 

h = 0.3 h 

Theta Weiner Double Continuous 
In Slope 

Degrees 

~~ . . . . . . . . 

Hopf Diffraction Double Correction 
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Fig. 13 - Radiation Pattern for  TJ~!~L Guide (n = 2, h/h = 0.4) 



Fig. 14 - Radiation  Pattern f o r  TEM Guide (n = 2 ,  h/A = 0.5 ) 



di f fe ren t  methods f o r  a guide  width h = 0.3 h i n  T a b l e  VII. 

It is  t o  be  noted that  the  radiation  pattern  calculated  by  the 
Slope Correction method for  the  case h = 0.1 A does  not  agree  well  with 
the  exact  solution.  This i s  not  surprising  because it i s  beyond the 
limit of this formulation  (the  value  of  the  guide  width h i s  too small 
to use this technique which i s  basical ly  a high  frequency  approximation). 
However, f o r  guide  width h greater  than 0.2 A, it is  evident  that  the 

. slope  correction  does improve the  accuracy  of  the  radiation  pattern i n  
the  region near the  plane of the  guide  aperture,  i.e., 60' < 8 < 120'. 

The effect  of slope  correction  vanishes as the  guide  width  increases. 
Hence, the  radiation  pattern  calculated by the  continuous-double  fornula- 
tion  agrees Well with the  exact  solution  for  guide  widths  greater  than 
0.5 A. The radiation  pattern  calculated  by  the double diffract ion 
method i s  disco  tinuous a t  8 = 90°, since  the  doubly  diffracted wave 
from edge 2, R$)(8), i s  shadowed fo r  8 > 90' by waveguide w a l l  #l. 

Ryan and Rudduck2 have discussed  the  contri.butions to   the   rad ia t ion  
pattern  calculated by  the double d i f f rac t ion  method  due t o  each componeilt 
of the  diffracted waves in  the  different  regions.  

B. Ground Plane Guide 

The radiation  patterns of the  parallel-plate .waveguide  mounted i n  
an in f in i t e  ground plane  are shown in  Figs .  15 t o  22 for  several  values 
of guide  width  ranging from 0.2 t o  0.9 A. The radiation  pattern of 
t h i s  geometry has  also  been  analyzed by Nussenzveig' by employing higher 
order modes i n  a Fourier  transform  solution as shown i n   t h e  Appendix. 
The higher  order modes are  actually evanescent modes which do perturb 
the  f ie lds   in   the  aper ture  of the waveguide. Do hard and Vidall l  
have' obtained  the  coefficients  of  these  higher  order modes f o r  guide 
widths up t o  0.6 A. Patterns  obtaiaed  using  the  Fourier  transform 
approach are  given in   the   f igures .  

It has  been shown that  the on-axis f i e l d   i . e . ,  0 = Oo, i s  accurately 
approximated  by  merely  including  the  singly and doubly diffracted  f ie lds  
from both edges." The normalization  factor f o r  t h i s  geometry i s  given 
by 

The radiation  patterns  calculated by the double diffraction, 
continuous-double and slope  correction  are a l l  normalized with  respect 
t o  Eq. (28). The magnitudes and the  phases of the  noma,lized  patterns 
are tabula ted   in  Table V I 1 1  for  a guide  width h = 0.3183 A. 
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Fig. 15 - Radiation  Pattern for T E M  Guide (n = 1.5, h/A = 0.2228) 
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T a b l e  VI11 

h/A = 0.3183 

Theta 
In  

Degrees 

Fourier Double Continuous- Slope 
Kirchhoff Transform Diffraction Double Correction 

"_ - .  . c " 

1.0 1.0 1.0 1.0 0.972 0.969 

75 -68 75 78 77 43  77 1 2  

20 0.981 0 977 0 973 0 949 0 9 949 

75 78 

40 0 933 0 919 

76.04 

60 0.880 0.857 

76 36 

80 0.846 0.817 

76.58 

90 0.841 0.811 

76.61 

75.76 

0 903 

75 49 

0.825 

74 43 

0 * 778 

71 73 

0 e 776 

70.0 

7%. 24 

0.885 

79 9 25 

0.807 

79 78 

0.742 

79 29 

0 719 

78.18 

77 41 

0 9 897 

77 72 
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Fig. 17 - Radiation  Pattern for TEM Guide (n 1.5, h/A = 0.3502) 
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Fig. 2 1  - Radiation Pattern f o r  TEM Guide (n = 1.5, h/A = 0.8) 
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The radiat ion  pat terns   are  also calculated by using  the  Kirchhoff 
approximation i n  which t h e   t o t a l  f ield i n  the  plane of the  aperture is 
assumed to be the  incident   f ie ld  and i s  zero on the remaining  surface 
of the aperture giving 

The Kirchhoff  approximation i s  equivalent  to  the  radiation  pattern of 
daminant TEM mode, ?..e., neglecting  the  higher  order modes. 

It is  noted that  the  radiation  patterns  calculated  using  the  slope 
correction term agree  well  with  the  Fourier  transform  analysis  in  the 
region 60" < 8 < 90". However, the  patterns  obtained  by  the double 
diffraction  formulation and the continuous-double  formulation do not 
always agree  well  with  the  Fourier  transform  analysis  in  that  region. 
The radiat ion  pat tern of' the ground-plane  guide i s  well  approximated 
by the double d i f f rac t ion   resu l t   in   the   reg ion  0" < 8 < 40" as seen by 
comparison with  the  Fourier  transform  analysis and the  Kirchhoff 
approxim&tion.  Since  the  higher  order modes do not  perturb  the radia- 
t ion  pat tern  s ignif icant ly   in   the  region 0" < 8 < 40", the  Kirchhoff 
approximation predicts  the  f ield  well   in  that   region. However, the 
higher  order modes  do influence  the  radiation  pattern  in  the  region 
near 8 = 90". The radiation  pattern  calculated by the  slope  correction 
and the continuous-double  formulation  agree  well. for large  values of 
guide  width,  i.e., h = 0.7, 0.8, and 0.9 A, as shown in  Figs .  20 t o  22. 
Thus for  large  values of guide  width,  the  continuous-double  formulation 
yields  accurate  patterns. 

Third and higher  order  diffracted waves are  not  included  in  these 
calculations. As seen by the  accuracy of the  slope  diffraction  analysis 
which only  includes up t o  second order  cZiffractions,  the  higher  order 
d i f f rac t ion   e f fec ts   a re  quite small. Furthermore,  these  effects  are 
d i f f i c u l t  t o  accurately  analyze. 

C .  Parallel-Plate Guide With Wedge 
Angles 80" . 60" . and 20' 

It has been shown that  the  radiation  patterns of the  thin-walled 
guide (i .e. , zero wedge angle) and the ground-plane  guide (i .e. , 90" 
wedge angle) as formulated by the  slope  diffraction  analysis  agree 
closely  with  the Wiener-Hopf and the  Fourier  transform  solutions, 
respectively.  Since  the  slope  correction  formulation i s  va l id   for  
a rb i t ra ry  wedge angles,  the  radiation  patterns of  symmetrical guides 
are   plot ted  in   Figs .  23 t o  25 f o r  a guide  width h = 0.3 A and for  wedge 
angles  of 80" , 60°, and 20" , respectively. Double diffract ion and 
continuous-double resul ts   are   a lso  plot ted  for  comparison. Similar 

37 

I 



Fig .  23 - Radiation  Pattern for TEM Guide (n = - 14 h/A = 0.3) 
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Fig. 24 - Radiation  Pattern for'TEM Guide (n = 5, h/h = 0.3) 
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results are   plot ted  in   Figs .  26 t o  28 f o r  a guide width  h = 0.4 h. 
There are no available  calculations by other methods for   these wedge 
angles. However, based on  -the cases for wedge angles of 0' and go", 
it is  believed  that  the  slope  diffraction  formulation  yields  accurate 
results in  the  region  near  the  plane of the  aperture.  Outside  this 
region  the  radiation  pattern  should  be  well approximated  by the 
double diffraction  formulation. 

V . CONCLUSIONS 

In  this  publication  the  radiation  pattern of the symmetrical 
paral le l -plate  TEM waveguide i s  calculated by a slope wave diffract ion 
analysis. This analysis  gives an improvement i n   t h e  accuracy of the 
pattern  in  the  region  near  the  plane of the guide  aperture, as cmpared 
to  the  previous wedge diffract ion  analysis .  The comparison i s  based 
on the  exact  solution (Wiener-Hopf technique)  for  the  thin-walled  guide 
and a good approximate solution  (higher  order mode Fourier  transform 
formulation)  for  the ground plane  guide. The radiation  patterns  obtained 
using  the  slope  diffraction  analysis  agree  well with the above formu- 
lations  except  for  very small guide  width,  i.e., h < 0.2 A. For large 
values of guide  width, i . e . ,  h > 0.7 A, the  radiation  pattern  calculated 
by the continuous-double  formulation i s  adequate. The slope  diffraction 
analysis may also  be  applied  to  the unsymmetrical parallel-plate guide 
w i t h  arbitrary  truncation  angles. This technique  offers a general method 
for  analyzing  diffraction by  nonuniform incidence waves which occur i n  
antenna and scattering  analysis such as edge illmuination of ref lector  
antennas and in te rac t ions   in  s l o t  and waveguide aper-Lures. 
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Fig. 26 - Radiation  Pattern f o r  TEM Guide (n = &, h/A = 0.4) 
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Fig. 27 - Radiation  Pattern f o r  TEM Guide (n = - h/A = 0.4) 5 
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Fig. 28 - Radiation  Pattern f o r  TEM Guide (n = 17, h/h = 0.4) 
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The TEN radiation  pattern of a parallel-plate waveguide mounted 
i n  an i n f i n i t e  ground plane  has  been  analyzed by H. M..Nussenzveig 
employing the  Fourier  transform method. Xgher  order modes are Lncluded 
i n  t h i s  analysis fo r  which the wave f'unction i n   t h e  guide i s  given i n  
terms of incident and ref lected modes as 

n=O 

The rad ia ted   f ie lds  of the waveguide are  given by 

where the  radiation  pattern A(y)  i s  given i n  terms of the rn0da.l coef- 
f i c i e n t s  as 

( 3 3 )  and y = - s i n  8 
5 -  

(35)  

The dominant mode radiation  pattern  reduces  to  the Kirchhoff 
approximation Rk (8 ) , giving. 
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-j(m - 
where the  factor  & e  is  suppressed. 

4zG 
The coeff ic ients  a, as shown i n  Eq. (33) were calculated by C. 

Marcio mal and J. W. Bautista Vida,lll. These coefficients  are 
tabulated for vaJxes of guide width up t o  0.6 A. 

Table M 

h srh a, al a2 

0.22282 0.7 -0.1202 -50.3418 0.04148  -jO.06963 -0.Ol-255 +j0.02341 

0.31831 1.0 -0.03218  -30.2634 0.067&  -j0.08465  -0.01949  q0.02889 

0.35014 1.1 -0.01461 -j0.2401 0.07620  -j0.087%  -0.02191 +j0.03024 

0.44563 1.4 +0.01722  -j0.1795 0.1042 -j0.09173  -0.02919  +j0.03276 

0.54113 1.7 0.02905  -j0.1317 0.1305 -j0.08706  -0.03583  i-jO.03309 
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